Background/Aims: Heavy metal pollution is increasing in the environment, contaminating water, food and air supplies. This can be linked to many anthropogenic activities. Heavy metals are absorbed through the skin, inhalation and/or orally. Irrespective of the manner of heavy metal entry in the body, the blood circulatory system is potentially the first to be affected following exposure and adverse effects on blood coagulation can lead to associated thrombotic disease. Although the plasma levels and the effects of cadmium (Cd) and chromium (Cr) on erythrocytes and lymphocytes have been described, the environmental exposure to heavy metals are not limited to a single metal and often involves metal mixtures, with each metal having different rates of absorption, different cellular, tissue, and organ targets. Therefore the aim of this study is to investigate the effects of the heavy metals Cd and Cr alone and whether Cr synergistically increases the effect of Cd on physiological important processes such as blood coagulation. Methods: Human blood was exposed to the heavy metals ex vivo, and thereafter morphological analysis was performed with scanning electron-and confocal laser scanning microscopy (CLSM) in conjunction with thromboelastography ® . Results: The erythrocytes, platelets and fibrin networks presented with ultrastructural changes, including varied erythrocytes morphologies, activated platelets and significantly thicker fibrin fibres in the metal-exposed groups. CLSM analysis revealed the presence of phosphatidylserine on the outer surface of the membranes of the spherocytic erythrocytes exposed to Cd and Cr alone and in combination. The viscoelastic analysis revealed only a trend that indicates that clots that will form after heavy metal exposure, will likely be fragile and unstable especially for Cd and Cr in combination. Conclusion: This study identified the blood as an important target system of Cd and Cr toxicity.
Introduction
Haemostasis is important to ensure the recovery of injured blood vessels and to prevent excessive blood loss and this process is tightly regulated to prevent the formation of occlusive thrombi in blood vessels [1] , that may lead to for example stroke [2] . The classic coagulation pathway introduced in 1964 focused on the role of the coagulation factors in thrombus formation, and ignored the role of cellular elements in the activation of the coagulation system and for this reason a new model that includes platelets and tissue factor expressing cells known as the cell-based model of coagulation was introduced. The phases of the cell-based coagulation pathway include initiation, amplification and propagation, which contribute to the formation of the clot, with platelets playing a crucial role in this process [1, 3, 4] . Platelets are involved in the release of certain factors and enzymes that contribute to clot formation and the tautness of the fibrin fibres [3, 4] . The formed thrombus consists of platelets, fibrin fibres and erythrocytes that determine the structure and integrity of the clot.
Apoptosis is well described for nucleated cells, but recently this process of programmed cell death has also been described for enucleate cells such as erythrocytes and platelets. In erythrocytes this process is known as eryptosis [5] [6] [7] [8] [9] [10] [11] . Characteristic features of this process are cell membrane shrinkage as well as blebbing and membrane scrambling [11] . During clot formation erythrocytes assist in bringing platelets to the surface of an injured vessel wall and binding inflammatory mediators to surface receptors [12] . Other cells that are involved in clot formation are the leukocytes that comprise of neutrophils, monocytes, lymphocytes, basophils and eosinophils [13] , of which only the neutrophils and monocytes play a major role in the inflammatory response of the body. Leukocytes functions during coagulation include: changes in the expression of membrane receptors, release inflammatory mediators, releases oxidants like hydrogen peroxide (H 2 O 2 ) and superoxide anion (O 2 •) and when leucocytes associate with platelets it may lead to mutual activation and protection form inhibitors [13] .
Platelets and the fibrin network play an important role in the formation and stability of haemostasis. Platelet activation induces shape changes and aggregation that also leads to fibrin formation. Fibrin formation is the final step in blood coagulation and is necessary for clot stability. Fibrin formation is catalysed by thrombin, as it converts fibrinogen to fibrin [14, 15] . Changes to the morphology of erythrocytes, platelet activation and fibrin fibre thickness, caused by exposure to various substances, like smoking, heavy metals, carbon monoxide, sulfur dioxide and the presence of certain disease conditions, may alter the haemostatic process leading to the formation of pathological thrombi [11, 14, [16] [17] [18] [19] [20] .
Environmental exposure to heavy metals via water, food and air pollution due to agriculture, mining, transport and related operations as well as cigarette smoking, a major non-occupational source of metals such as cadmium (Cd) and chromium, (Cr), are increasing [21] [22] [23] . These heavy metals have the potential to adversely affect blood homeostasis especially of those living close to high-risk areas [24] . Exposure is usually not to a single metal but as a mixture of metals [24] . Therefore the aim of this study was to determine, using and ex vivo blood model, the effects of Cd and Cr alone and in combination on the morphology of erythrocytes, platelet activation and fibrin fibre thickness, by using scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM) and thromboelastography Scanning electron microscopy SEM was used to study the erythrocyte, platelet and fibrin fibre morphology. The micrographs of fibrin networks were used to analyse fibrin fibre thickness. For morphological analysis whole blood (WB) and platelet-rich plasma (PRP) was used [25] . Human blood was collected in citrate tubes and 900µℓ of WB was placed in an Eppendorf tube and exposed to 100µℓ of 48mg/ℓ cadmium chloride (CdCl 2 ) [Merck (Pty) Ltd, South Africa] and/or 1450mg/ℓ potassium dichromate (K 2 Cr 2 O 7 ) [Merck (Pty) Ltd, South Africa]. The metal concentrations were made up in isotonic phosphate buffered saline (pH=7.4) (isoPBS). The final osmolality of all solutions were less than 300mOsm to ensure any observed effects were directly due to metal toxicity. The final exposure concentrations were 4.8mg/ℓ for Cd (26µM) and 145mg/ℓ for (985µM) for Cr(VI) [26] . These concentrations where chosen based on the World Health Organization (WHO) acceptable water limits (mg/ℓ) for Cd and Cr times 1000 [26] . Both Cd and Cr are at ratios that are representative of these established limits. By using a 1000x higher concentration and short exposure times, specific cellular targets can be identified which later can be evaluated in models of chronic exposure. The control blood was exposed to isoPBS.
The WB was exposed for 10 minutes, before 10µℓ of WB was placed on a 10mm coverslip (LeicaSA), with and without the addition of 5µℓ of human thrombin (20U/mℓ; South African National Blood Service). The WB was then centrifuged at 227xg for 10 minutes to obtain PRP; where after 10µℓ of the PRP was placed on coverslips, with and without 5µℓ of thrombin. The cover slips were placed in 24-well plates that contained 0.075M sodium potassium phosphate buffer solution (PBS) (pH=7.4). The samples were washed for 20 minutes on a shaker to remove any blood proteins that might be trapped within the blood clots [25] . The washed samples were fixed in 2.5% glutaraldehyde and formaldehyde for 30 minutes. This was followed by rinsing of the samples, three times in PBS for 3 minutes, before secondary fixation in 1% osmium tetroxide (OsO 4 ) for 15 minutes. The samples were washed again as described above, where after it was serially dehydrated in 30%, 50%, 70%, 90% and 3 times in 100% ethanol. The SEM sample preparation was completed by drying the samples in hexamethyldisilazane (HMDS), followed by mounting and coating with carbon, and examining using the Zeiss Crossbeam 540 FEG-SEM and Zeiss Ultra Plus FEG-SEM (Carl Zeiss Microscopy, Munich, Germany). The thickness of the fibrin fibres was measured on the micrographs using ImageJ (Version 1.49, Java) [25] . Fifty random fibres were measured per volunteer in the control-and metal exposed groups.
Confocal laser scanning microscopy
The CLSM was used to detect phosphatidylserine (PS) on the erythrocyte membrane indicating that eryptosis is taking place. Annexin V was used to mark PS on the surface of the membrane. The blood was collected in citrate tubes and the control were ones again only exposed to isoPBS and for the metal groups were exposed to the metals dissolved in isoPBS, as described above. The positive control was Melittin (GenScript, New Jersey, USA), an apoptosis inducing peptide [27] [28] [29] , to which the blood was exposed for four hours. The blood was then centrifuged at 145xg`s for ten minutes at room temperature to collect the erythrocytes. The supernatant was removed and the remaining erythrocyte pellet was washed twice with PBS for 3 minutes. The blood was then washed with the Annexin V binding buffer (BioLegend, 422201) also for 3 minutes. 5µℓ of the Annexin V probe (BioLegend, 640906) was added to the binding buffer and incubated at room temperature, protected from light, for 90 minutes. After incubation the samples were washed again as described with the phosphate-and binding buffers, to remove any unbound antibodies. 10µℓ of the prepared sample was mounted on a glass slide and covered with a coverslip (LeicaSA). The sample was viewed with the Zeiss LSM 880 confocal laser scanning microscope in Airyscan mode (Carl Zeiss Microscopy, Munich, Germany).
To visualize the erythrocytes, two different lasers were used with different filters and beam splitters, to allow the overlaying of the respective images to show which erythrocytes have a PS flip present on the membrane. For the auto-fluorescence of all the cells present on the slide, the 405nm laser was used to excite naturally occurring fluorescence found in erythrocytes and a red colour was assigned to this fluorescent signal. In an unstained sample, the 405nm laser was used together with the 465nm-505nm band pass (BP) and 525nm long pass (LP) filters and the 488nm/405nm beam splitters. These settings showed that all the erythrocytes present on the slide has auto-fluorescence, and this auto-fluorescence could therefore be used as a contrasting method against the Annexin-V binding, in the case where PS flip is present. To visualize Annexin-V binding (excitation wavelength: 494nm and emission wavelength: 518nm), the 488nm laser was Viscoelastic analysis TEG ® is an analytic method by which the viscoelastic changes that occur during coagulation and fibrinolysis are measured. The results from the blood samples are generated by the TEG ® through a rotating pin, which constantly measures the resistance of the forming clot on the pin, that indicates a number of characteristics of the coagulation system such as the speed and strength of clot formation [30] [31] [32] . The results are displayed as a graph that gives various measurements of the parameters that are listed in Table  1 . For this study, blood was collected in citrate tubes and exposed, as described above, where after 340µℓ of the WB was placed in a cup of the TEG ® (TEG ® 5000 computer-controlled device, Haemoscope Crop., Niles, IL, USA), together with 20µℓ of 0.2M calcium chloride (CaCl 2 ) to activate the coagulation process [25] . The process was allowed to run until MA was reached, since only the rate and strength of clot formation was relevant to this study.
Statistical analysis
Statistical analysis of the SEM fibrin fibre thickness and TEG ® parameters were performed on GraphPad Prism Version 6.01 using one-way ANOVA and Tukey's multiple comparisons test, where a p-value of ≤ 0.05 was considered to be significant. Fig. 1 represents the erythrocytes identified in the various groups. In Fig. 1A normal erythrocyte morphology is seen, with minimal eryptotic erythrocytes, the predominant morphology observed in the control group. A variety of erythrocyte morphologies were present in the Cd, Cr and Cd and Cr groups, including spherocytes (Fig. 1B) , echinocytes and knizocytes (Fig. 1C and D respectively) . Fig. 2 represents the platelets seen in the various groups included in this study. Fig. 2A shows normal platelets with minimal changes Table 1 . TEG parameters typically generated for whole blood (modified from: [33] ) Table 1 . TEG parameters typically generated for whole blood (modified from: [33] ). to platelet shape and pseudopodia (white arrows). Minor activation is expected as contact activation will occur during sample preparation. Fig. 2B (Cd), C (Cr) and D (Cd and Cr) show activated platelets in all the metal exposed groups, with pseudopodia (white arrows) and platelet spreading (black arrows). There also appears to be an increase in the occurrence of membrane alterations, i.e. granular appearing membranes, visible in the experimental groups. Fig. 3 shows representative fibrin networks obtained in each group. In Fig. 3A a typical control fibrin network can be seen, with mostly taut, straight fibres and a combination of thin and thick fibrin fibres (red and white arrows). Figures 3B, C and D show abnormal fibrin networks that are less taut or bent fibres (blue arrows). Fig. 4 illustrates the effects of the metals on the entire coagulation system, which shows the interactions between the erythrocytes and fibrin fibres. Fig. 4A shows the normal erythrocyte morphology with minimal fibre interaction. With exposure to metals, erythrocyte morphology is altered with increased formation of spherocytes, echinocytes and knizocytes and associated interaction between the erythrocytes and fibrin fibres [ Fig. 4B , C and D (blue arrows)]. Table 2 summarises the effects of the metals on the coagulation system. Fig. 5 shows the results obtained from the measurement of the fibrin fibre thickness. The fibres in the group exposed to Cr alone and Cd and Cr in combination are statistically thicker than the Cd fibrin fibres, but are similar in thickness compared to the control group. 
Results

Scanning electron microscopy
Confocal laser scanning microscopy
In the negative control group, minimal positive Annexin V signal was obtained (Fig.  6 A-C) . In the positive control, containing erythrocytes exposed to Mellitin (Fig. 6 D-F appears to be slightly increased in the metal combination groups, compared to the Cd and Cr groups. The Annexin V positive erythrocytes are mainly present in the spherocytes and not echinocytes ( Fig. 7 A-F, green fluorescence) .
Viscoelasticity Fig. 8 shows representative traces of all the groups from which the r-time, k-time, α angle and MA was determined. Table 3 is a summary of the control and metal exposed group's viscoelastic profiles after exposure to Cd and Cr alone and in combination (mean ± standard deviation). No statistical significant difference in any of the parameters measured with TEG ® could be found between the control group and metal exposed groups (Table 3 ) using the one-way ANOVA and Tukey's multiple comparisons test. Although no statistical significates 
Discussion
Blood is an important component involved in the distribution of heavy metals like Cd and Cr to organs such as the liver and kidneys which are common sites of damage [24] . During this process of distribution these metals can adversely affect blood homeostasis, altering the structure and functioning of the cellular component of blood that includes the erythrocytes, platelets and the fibrin networks. In this study, an ex vivo model was used to evaluate the effects of Cd and Cr alone and in combination. Exposure concentrations of Cd was similar to that used by Sopjani et al. where exposure of a packed erythrocyte volume to 27.3µM for 48 hours caused 25% erythrocyte PS exposure and 5% haemolysis [34] . In the present study, WB was exposed to 26µM Cd for 10 minutes. Lupescu et al. exposed 0.4% haematocrit erythrocytes to 20µM Cr(VI) for 48hrs [35] . Erythrocyte haemolysis was 1% and PS exposure was 15%. WB haematocrit for healthy males is 42% [36] and therefore using WB, exposure to 200µM Cr(VI) would theoretically provide the same results. In the present study erythrocytes in WB were exposed to 5 fold higher Cr(VI) concentration's for only 10 minutes. PS exposure and associated changes in Ca 2+ and erythrocyte morphology, after exposure to Cd and Cr alone and in combination, may adversely affect blood coagulation parameters. The focus of this a study is to determine the effect of blood coagulation providing an indication of possible thrombotic risk following exposure.
Cd and Cr alone and in combination caused ultrastructural changes ( Fig. 1-4) , to erythrocyte, platelet and fibrin fibre morphology (Fig. 1-4) compared to the controls. The increase in platelet activation, seen with the presence of pseudopodia and membrane spreading, were seen in the metal exposed groups that may cause a decrease in taut fibres and thus an increase in loose or bended fibres. Oxidative stress and inflammation is known to cause platelet activation that can cause pathological thrombi [14, 25, 37] . With the activation of platelets, agonists involved in the formation and stability of clot are released and include adenosine diphosphate (ADP), serotonin, thrombin and thromboxane A 2 [14, 37] . Platelets also play a crucial role in fibrin formation and tautness, thus the bent fibres seen in the fibrin networks of the metal groups might be due to the platelet functional changes or lack of thrombin production [25] . The significant increase in fibre thickness in the metal groups will further contribute to the alterations of the erythrocytes and clot formation, as it might cause a reduction in the lysis of the clots [38] . The alteration in fiber thickness can be due to the transition of the fibers α-helices into β-sheets and protein aggregation [33] . Fibrin fibres consist of an combination of α-helices, β-sheets and turns, loops and random coils which contributes to the normal structure and function of the fibrin fibres [33] .
Cd and Cr alone and in combination caused changes in erythrocyte morphology and this was associated with increased expression of Annexin V. Cd and Cr cause oxidative stress in the cells via different biochemical pathways. Cd binds sulfhydryl groups of proteins and glutathione (GSH) and especially GSH depletion results in increased production of reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anion and hydroxyl radical [39] [40] [41] [42] . Cr in contrast enters the redox cycle and acts as a catalyst of the Fenton reaction involving H 2 O 2 , leading to an increase in ROS production and alters erythrocyte membrane fluidity and integrity making erythrocytes more fragile and less osmotic resistant [40, 43] . Gao et al. observed following exposure of erythrocytes to increasing concentration of betulinic acid, erythrocyte morphology changed from normal, to a mixture of normal, early discocyteechinocytes (biconcave disk to star-shape), discocyte-stomatocytes (biconcave disk to cupshape), echinocytes, echinocytes with vesicles, spherocytes and a few stomatocytes [44] . Likewise, a mixture of erythrocyte morphologies was observed in the present study. Low Annexin-V binding was associated with echinocytes (erythrocytes with regularly spaced short projections or spicules) and knizocytes (elevated or elongated pinched area in the centre of the erythrocytes), with regular peripheral Annexin V signal associated with the spherocytes (swollen, spherical erythrocytes). Ultrastructural results, together with the results from CLSM, that indicated that the Annexin V positive signals were mainly found on the spherocytic erythrocytes exposed to Cd and Cr in combination. Lupescu et al. reported that erythrocytes exposed to 54.5µM for 48 hours observed that only 40% erythrocytes bound Annexin [11, 34, 35, 45] . The increase in cytosolic Ca 2+ will activate scramblase in the erythrocytes, which inhibits flippase that in turn causes floppase to translocate PS to the outside, resulting in the PS flip and membrane scrambling (Fig. 9) . Besides the Ca 2+ that activates scramblase, it also affects the sensitive Ca 2+ /K + channels which causes KCl exiting the cells together with water and thus causing cell shrinkage (Fig. 9) [34, 35, 45] . Ca 2+ entering the cells can also lead to the activation of Calpain, a cysteine endopeptidase that degrades membrane proteins, leading to membrane blebbing (Fig. 9 ) [11] . Energy depletion also initiated by an increase in cytosolic Ca 2+ and can also contribute to eryptosis. Although both Cd and Cr both have different mechanisms of toxicity, the consequence thereof is similar resulting in eryptosis, which is increased due to a concentration effect when erythrocytes are exposed to Cd and Cr in combination. TEG ® is widely used in trauma care to evaluate whole blood coagulation [47] . In a recent study by Lehnert et al. [48] , analysis of acute pulmonary embolisms, the mean values of TEG ® were within normal ranges. Likewise in the present study acute exposure to Cd and Cr alone and in combination provides TEG ® results within the normal range (Table 3) . However evaluation of the viscoelastic traces Cd and Cr alone and in combination (Fig. 8) indicates that these heavy metals cause minor although no statistically significant changes to the measured parameters. The trend seen in the viscoelastic results indicate that the R value slightly increased, thus resulting in a delayed fibrin formation. Fibrin formation is catalysed by the enzyme thrombin from fibrinogen and stabilized by thrombin-catalysed factor XIII (FXIII) [33] . Both these components depend on the presence of calcium, as calcium is a cofactor in the formation of FXIII and thrombin and it is known that heavy metals deplete calcium levels [15, 49] . The increased trend seen in K time indicates that the initial clot formation, after it starts forming is rapid. This correlates with the activated platelets seen with SEM analysis (Fig. 2) . The decrease in both the α angle and MA values indicates that the fibrin build up is slower due to the reduction in fibrin cross-linking, which results in a fragile, less-stable clot. The clot strength is also decreased as the platelet-fibrinogen interactions are decreased (Table 3 ) which also correlates with the SEM results, as the fibres appear to be less taut (Fig. 3) . This is further supported by the v-curve data. The TMRTG shows that the total clot formation, from start to maximum clot formation takes longer and correlates with Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry the longer time for initial clot formation as observed with increased R value. The decrease in MRTG and TTG also indicates that clot formation will be slower and weaker. This fragile clot may cause problems in the cardiovascular system, as these weak clots may detach and cause a blockage in an artery or vein leading to thrombosis. Cigarette smoking has been shown to increase fibrin fibre thickness and platelet activation and cause erythrocyte alterations [50] [51] [52] . Cigarette smoke is a complex mixture of more than 4000 components that has been identified in mainstream cigarette smoke, this includes heavy metals such as Cd and Cr and the present study clearly shows that Cd and Cr contributes to this effect [53, 54] . Likewise exposure to these metals in water and polluted air can also contribute to increased risk for thrombosis. Although this ex vivo study investigated the effect of a 1000 times of a single acute dosage, this study clearly identifies the blood as a target of toxicity prior to metabolism in the liver and excretion by the kidneys. Furthermore, accumulative effects of low levels of each metal as part of complex mixtures may also adversely affect blood coagulation. Evaluation of the morphology of blood components may be an important technique that can be used to identify early morphological changes prior to the identification of altered coagulation using standard clinical methods.
Conclusion
Cd and Cr alone and in combination causes increased platelet activation, abnormal fibrin network formation and Annexin V positive signal. The TEG ® analysis, although not statistically significant, indicated that the final clot will probably result in a fragile and less stable clot. This study identifies the blood as an important target system of Cd and Cr toxicity.
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